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Abstract 14 
 15 
Multi-technique characterisation of sodium carbonate-activated blast furnace slag binders was 16 
conducted in order to determine the influence of the carbonate groups on the structural and 17 
chemical evolution of these materials. At early age (4 days) there is a preferential reaction of 18 
Ca2+ with the CO32- from the activator, forming calcium carbonates and gaylussite, while the 19 
aluminosilicate component of the slag reacts separately with the sodium from the activator to 20 
form zeolite NaA. These phases do not give the high degree of cohesion necessary for 21 
development of high early mechanical strength, and the reaction is relatively gradual due to the 22 
slow dissolution of the slag under the moderate pH conditions introduced by the Na2CO3 as 23 
activator. Once the CO32- is exhausted, the activation reaction proceeds in similar way to an 24 
NaOH-activated slag binder, forming the typical binder phases calcium aluminium silicate 25 
hydrate and hydrotalcite, along with Ca-heulandite as a further (Ca,Al)-rich product.
. 
This is 26 
consistent with a significant gain in compressive strength and reduced porosity observed after 27 
3 days of curing. The high mechanical strength and reduced permeability developed in these 28 
materials beyond 4 days of curing elucidate that Na2CO3-activated slag can develop desirable 29 
properties for use as a building materials, although the slow early strength development is likely 30 
to be an issue in some applications. These results suggest that the inclusion of additions which 31 
could control the preferential consumption of Ca2+ by the CO32- might accelerate the reaction 32 
kinetics of Na2CO3-activated slag at early times of curing, enhancing the use of these materials 33 
in engineering applications. 34 
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1. Introduction 38 
 39 
Alkali-activated binders have been developed for over a century as a means for valorising 40 
industrial wastes and by-products, and to produce Portland clinker free cement-like materials 41 
to mitigate the environmental footprint associated with Portland cement manufacture [1, 2]. 42 
The production of alkali-activated binders offers a reduced embodied energy and significantly 43 
lower release of pollutant gases when compared with Portland cement, and these materials can 44 
develop comparable mechanical strength and performance when properly formulated and cured 45 
[3, 4]. The need to develop low-cost and low-environmental footprint alkali activated materials 46 
has motivated the identification and adoption of alkaline activators that can promote the 47 
development of high mechanical strength and reduced permeability in the binder, and achieve 48 
alkalinities comparable to those in Portland cement based materials, so that the metallic 49 
component of structural concrete is not excessively corroded during the service life.  50 
 51 
The microstructure, and therefore the performance, of alkali-activated slag materials is strongly 52 
dependent on factors such as the chemistry and mineralogy of the slag precursor, the type and 53 
concentration of the alkali-activator and the curing conditions [5-10]. The commonly used 54 
activators for the production of activated slag binders are sodium hydroxide (NaOH), sodium 55 
silicates (Na2OÂrSiO2), sodium carbonate (Na2CO3) and sodium sulfate (Na2SO4) [6, 9, 11, 12]. 56 
It is well known that the effectiveness of the activator is based on its ability to generate an 57 
elevated pH, as this controls the initial dissolution of the precursor and the consequent 58 
condensation reaction to form the reaction products [13-15].  59 
 60 
A high pH is expected to favour the dissolution of the slag to form strength-giving phases such 61 
as calcium aluminium silicate hydrate (C-A-S-H) type gels [16]. However, pH is not the only 62 
factor controlling the mechanism of reaction taking place when activating slag. It has been 63 
observed [17, 18] that using a sodium silicate activator, which has a lower pH than sodium 64 
hydroxide solutions, when dosed with equivalent Na2O content, promotes the development of 65 
binders with higher mechanical strength. This is a consequence of the additional silicate species 66 
that it provides to the system, and the interparticle electrostatic forces governing the formation 67 
of the binder when using this activator [19]. This indicates that the functional group 68 
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accompanying the alkaline activator is playing an important role in the activation mechanism 69 
of these materials.  70 
 71 
Sodium carbonate activation of blast furnace slag has been applied for half a century in Easter 72 
Europe [20, 21], as a lower cost and more environmentally friendly alternative to the widely 73 
used activators sodium hydroxide or sodium silicate used for production of activated slag 74 
products [22, 23]. More recent work on Na2CO3-slag-fine limestone concretes showed very 75 
good early strength development, and calculated potential Greenhouse emission savings as 76 
high as 97% compared to Portland cement [24-26]. The use of this activator forms binders with 77 
reduced pH compared with materials produced with NaOH and Na2O·rSiO2 [27]. This is 78 
especially attractive for specialized applications such as the immobilisation of nuclear wastes 79 
containing reactive metals which corrode at high pH [27]. However, the understanding of the 80 
structural development of carbonate-activated slag is very limited, as carbonate-activated 81 
binders have attracted less attention than other activated-slag systems because of the delayed 82 
hardening (which can take up to 5 days in some systems) and slower strength development [28-83 
30], when compared with other alkali-activated slag binders.  84 
 85 
It has been identified [26, 29] that at early times of reaction of Na2CO3-activated slags form 86 
calcium and mixed sodium-calcium carbonates, as a consequence of the interaction of the CO32- 87 
from the activator with the Ca2+ from the dissolved slag; however, longer times of curing favour 88 
the formation of C-A-S-H type gels. Xu et al. [21] evaluated aged slag activated with Na2CO3 89 
and Na2CO3/NaOH blends, and identified as the main reaction product a highly crosslinked C-90 
A-S-H type phase with a reduced content of Ca in the outer product, along with an inner product 91 
involving carbonate anions. Formation of Ca-Na mixed carbonates was not detected in aged 92 
Na2CO3-activated slag concretes, which differs from what has been identified in young (28-93 
day) samples where gaylussite is often observed [26, 31].   94 
 95 
It has been proposed [21] that in Na2CO3 activated slag binders the activation reaction takes 96 
place through a cyclic hydration process where the Na2CO3 supplies a buffered alkaline 97 
environment where the level of CO32- available in the system is maintained by the continual 98 
dissolution of CaCO3 in equilibrium with the pore solution, releasing Ca2+ to react with the 99 
dissolved silicate from the slag to form C-S-H type products. However, there is not yet detailed 100 
evidence of how this mechanism might be established and then proceed over the first months 101 
of reaction in Na2CO3-activated slags. 102 
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 103 
In this study the structural evolution of sodium carbonate activated slag pastes is assessed 104 
through X-ray diffraction, 29Si and 27Al MAS NMR spectroscopy and X-ray microtomography. 105 
Isothermal calorimetry of fresh paste is also conducted in order to determine the kinetic of 106 
reaction of sodium carbonate pastes. Compressive strength values of mortars corresponding to 107 
the pastes produced for the structural study are reported in order to develop a better 108 
understanding of the relationship between the structural characteristics of these binders and 109 
their mechanical strength development.  110 
 111 
 112 
2. Experimental program 113 
 114 
2.1. Materials and sample preparation 115 
As primary raw material a granulated blast furnace slag (GBFS) was used, supplied by Zeobond 116 
Pty Ltd., Australia, with oxide composition as shown in Table 1. Its specific gravity is 2800 117 
kg/m3 and Blaine fineness 410±10 m2/kg. The particle size range, determined through laser 118 
granulometry, was 0.1-74 Pm, with a d50 of 15 Pm. 119 
 120 
Table 1. Composition of GBFS used. LOI is loss on ignition at 1000°C 121 
Component (mass % as oxide) GBFS 
SiO2 33.8 
Al2O3 13.7 
Fe2O3 0.4 
CaO 42.6 
MgO 5.3 
Na2O 0.1 
K2O 0.4 
Others 1.9 
LOI 1.8 
 122 
Commercial sodium carbonate (Sigma-Aldrich) was dissolved in the mix water until complete 123 
dissolution was reached. The assessment of structural evolution was conducted in paste 124 
specimens formulated with a water/binder ratio of 0.40 and an activator (Na2CO3) content of 8 125 
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wt.% relative to the amount of slag for strength development, NMR, XRD and calorimetry 126 
analysis, and 7 wt.% for microtomography. All paste specimens were cured in sealed centrifuge 127 
tubes at 23°C until testing. Mortar cubes, 50 mm in size, were used for compressive strength 128 
testing; these were formulated with a sand:binder ratio of 2:75, and a binder formulation 129 
matching the paste specimens. 130 
 131 
Isothermal calorimetry experiments were conducted using a TAM Air isothermal calorimeter, 132 
at a base temperature of 25  r 0.02°C. Fresh paste was mixed externally, weighed into an 133 
ampoule, and immediately placed in the calorimeter, and the heat flow was recorded for the 134 
first 140 h of reaction. All values of heat release rate are normalised by total weight of paste.  135 
 136 
2.2. Tests conducted on hardened specimens 137 
The hardened paste specimens were analysed after periods of up to 45 days of curing through: 138 
 139 
x Compressive strength testing, using an ELE International Universal Tester, at a loading 140 
rate of 1.0 kN/s for the 50 mm mortar cubes. 141 
x X-ray diffraction (XRD), using a Bruker '$GYDQFHLQVWUXPHQWZLWK&X.ĮUDGLDWLRQ142 
and a nickel filter. The tests were conducted with a step size of 0.020º, over DșUDQJHRI143 
5º to 70º. 144 
x Magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy; 29Si MAS 145 
NMR spectra were collected at 119.1 MHz on a Varian INOVA-600 (14.1 T) spectrometer 146 
using a probe for 4 mm o.d. zirconia rotors and a spinning speed of 10.0 kHz. The 29Si 147 
MAS experiments employed a pulse width of 6 µs, a relaxation delay of 60 s and 4300-148 
6500 scans. Solid-state 27Al MAS NMR spectra were acquired at 156.3 MHz on the same 149 
instrument, with a pulse width of 6 µs, a relaxation delay of 2 s. All the spectra were 150 
collected with a pulse angle of 51º. 29Si and 27Al chemical shifts are referenced to external 151 
samples of tetramethylsilane (TMS) and a 1.0 M aqueous solution of AlCl3.6H2O, 152 
respectively. 153 
x Samples cured for up to 45 days and a1 mm in size were analysed using beamline 2-BM 154 
at the Advanced Photon Source, Argonne National Laboratory [32]. Reactions were halted 155 
after the specified curing duration by immersion of the samples in acetone until testing, 156 
and analytical specimens were taken from the part of the sample close to the interface 157 
between solid material and acetone to ensure that the reaction had been halted promptly in 158 
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the sections use for testing. Measurements were carried out using hard X-ray synchrotron 159 
radiation (22.5 keV) in a parallel-beam configuration, with 0.12° rotation per step (1501 160 
steps in a 180° rotation) and 0.4 s exposure time per step. Samples were mounted in small 161 
polymeric cones to enable alignment; sample size and shape were somewhat irregular, as 162 
the samples were obtained by fracturing larger monoliths, but all samples fitted within the 163 
field of view in the horizontal plane of the detector. X-ray detection was achieved with a 164 
scintillator and CCD camera, capturing 2048×2048 pixels. Tomographic data were 165 
reconstructed using an in-house developed reconstruction algorithm, including recentring 166 
following visual inspection to ensure optimal reconstructions, using a voxel size of 0.75 167 
ȝPFRUUHVSRQGLQJWRWKHGHWHFWRU resolution). The segmentation, pore connectivity and 168 
tortuosity calculations on volume of interest (VOI) regions of at least 400 pixels3 were 169 
performed following the protocol described in [33]. 170 
 171 
 172 
3. Results and discussion 173 
 174 
3.1. Compressive strength   175 
The compressive strength of sodium carbonate activated slag mortars could not be determined 176 
at 1 day because the material was still soft. However, after 4 days the mortars gained a 177 
compressive strength of 9 MPa (Figure 1), followed by a substantial rise in the subsequent 3 178 
days to reach 31 MPa after 7 days of curing. This compressive strength gain indicates that the 179 
initial mechanism of reaction in sodium carbonate activated slag binders is not leading to the 180 
formation of strength-giving phases during the first days of curing, and consequently the 181 
samples are not developing a measurable compressive strength during this time. Subsequently, 182 
there is an increase in the formation of strength-giving phases from 4 to 7 days, with an 183 
associated jump in strength. After this, there is an ongoing gradual increase in the compressive 184 
strength with extended curing (up to 44 MPa at 56 days). 185 
 186 
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 187 
Figure 1. Compressive strength of sodium carbonate-activated slag binders as a function of 188 
the time of curing 189 
 190 
3.2. Isothermal calorimetry  191 
The heat release curves of the sodium carbonate activated slag are shown in Figure 2. There is 192 
an initial pre-induction period, associated with the partial dissolution of the slag particles, in 193 
the first 48 h, followed by an extended induction period (a62 h) where little heat evolution is 194 
taking place. This is consistent with the fact that hardening is observed to take place slowly 195 
during the first 4 days of curing in these samples. Extended induction periods in sodium 196 
carbonate activated slag binders have also been observed by Fernandez-Jimenez et al. [34]; 197 
however, in that study the precipitation of reaction products was observed via an acceleration 198 
in heat release 6 hours after mixing, rather than after several days here. The differences in the 199 
results between studies can be mainly attributed to the differences in the chemistry of the slag 200 
(mainly the MgO content), as the specific surface and amorphous content of the material used 201 
in that work seem to be similar to the slag used in the present study. The MgO content of slag 202 
has recently been identified to play a key role in defining the nature of the reaction products in 203 
alkali-activated slag binders [35], and this is the main identifiable difference between the two 204 
binder systems. 205 
 206 
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Figure 2. (A) Heat release rate and (B) cumulative heat release of sodium carbonate-207 
activated slag binders 208 
 209 
After the induction period, a high intensity heat evolution process, corresponding to the 210 
processes generally described as the acceleration and deceleration periods in cementitious 211 
binders (~110-220 h) is identified. This peak corresponds to the precipitation of voluminous 212 
reaction products in the binder, releasing a significant heat of reaction. In this case the heat 213 
release seems to be occurring in two consecutive stages, as two clear maximum heat release 214 
peaks are observed in Figure 2A. The occurrence and timing of the acceleration-deceleration 215 
period agree well with the increase in compressive strength observed in these specimens 216 
(Figure 1) at a similar time of curing, confirming that the formation of the bulk binding phases 217 
responsible for both strength and heat output is not taking place during the first 3 days of 218 
reaction. This is to a significant extent consistent with the very moderate initial pH of these 219 
binders, as it takes time for the pH to increase to the point where the slag will start to react 220 
rapidly to form these binding phases. 221 
 222 
These results different from those identified in sodium silicate activation of this same slag [35], 223 
and in other systems with comparable slag chemistry [18], where the pre-induction period was 224 
observed during the first hours of reaction, followed by short induction periods (10 h in 225 
metasilicate activated slags with MgO contents lower than 8 wt.% [35]). However, it has been 226 
noted [36], that in sodium metasilicate activation of slags with reduced alumina (11.9 wt.%) 227 
content, the induction period was as long as 6 days. This elucidates that delayed precipitation 228 
of reaction products is not an exclusive effect of the nature of the alkaline activator, but also 229 
relates to the chemical and mineralogical composition of the slag used.   230 
 231 
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3.3. X-ray diffraction 232 
The evolution of crystalline phases forming in a sodium carbonate activated slag is shown in 233 
Figure 3. In samples cured for one day the main crystalline compounds forming are the three 234 
polymorphs of calcium carbonate (CaCO3): calcite (powder diffraction file, PDF #005-0586), 235 
vaterite (PDF #002-0261) and aragonite (PDF #04-013-9616), along with the double salt 236 
gaylussite (Na2Ca(CO3)2·5H2O, PDF #021-0343) and zeolite NaA (Na12Al12Si12O48·18H2O, 237 
PDF#039-0221). Formation of calcium carbonate in various polymorphs, and gaylussite, has 238 
been identified in carbonated alkali-activated slag binders [37, 38]. The identification of similar 239 
reaction products in the carbonate-activated binder suggests that there is a preferential early 240 
age reaction between dissolved CO32- present in the pore solution and the Ca2+ released by the 241 
partial dissolution of the slag. The consumption of Ca2+ by CO32- then leads to a saturation of 242 
Si and Al species with respect to aluminosilicate type products such as zeolite NaA in the 243 
NaOH-rich pore solution from the very earliest stages of the reaction process.  244 
 245 
Figure 3. X-ray diffractograms of sodium carbonate-activated slag binders as a function of 246 
the time of curing, as shown. 247 
 248 
After 7 days of curing, the intensities of the zeolite NaA and gaylussite peaks have decreased; 249 
these phases are almost fully consumed by 45 days. Instead, the Ca-containing zeolite 250 
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heulandite (approximately CaAl2Si7O18·nH2O, n = 3.5 to 6, PDF# 025-0144 or 024-0765) and 251 
a calcium aluminium silicate hydrate (C-A-S-H) (resembling a disordered, Al-substituted form 252 
of tobermorite-11Å, Ca5Si6O18·5H2O, PDF #045-1480), and a layered double hydroxide with 253 
a hydrotalcite type structure (Mg6Al2CO3(OH)16·4H2O, PDF# 014-0191), are observed. 254 
Heulandite has been identified as a secondary reaction product in preparation of synthetic C-255 
A-S-H phases with 30% silicon replacement by aluminium [39] and in aged (7 years) silicate-256 
activated slag binders [40], while C-A-S-H products along with hydrotalcite are the main 257 
reaction products forming in alkali-activated slags produced with either NaOH or Na2O.rSiO2 258 
[18, 31, 37, 41]. The formation of these reaction products indicates that once the CO32- supplied 259 
by the alkaline activator is largely consumed in the formation of carbonate compounds, which 260 
is likely to be the case after a few days of reaction, the mechanism of reaction of sodium-261 
carbonate activated slags proceeds in the same way as in sodium hydroxide-activated or sodium 262 
silicate-activated systems. This is in good agreement with the rise in the mechanical strength 263 
identified in these samples at this time.  264 
 265 
Traces of thermonatrite (Na2CO3·H2O) are identified in all samples after 28 or more days of 266 
curing, which suggest that this is not simply a dried remnant of the remnant activator in the 267 
pore solution, as it is not observed in the younger samples. Instead, thermonatrite is likely to 268 
be a product derived from the carbonation of the pore solution during exposure to ambient air 269 
for XRD analysis, as it has also been identified in carbonated metasilicate-activated slags [35, 270 
37, 42]. Significant increases in the intensities of the reflections assigned to heulandite, 271 
hydrotalcite and C-A-S-H are observed at advanced times of curing; however, it seems that 272 
after 180 days, the systems is mainly dominated by hydrotalcite and C-A-S-H, with traces of 273 
sodium and calcium carbonate compounds. Gaylussite appears to have been converted entirely 274 
to more stable products. An extended period of formation of these reaction products is 275 
controlling the ongoing compressive strength gain observed in these binders (Figure 1).  276 
 277 
3.4. Nuclear Magnetic Resonance 278 
The 29Si MAS NMR spectra of the anhydrous slag and sodium carbonate-activated binders 279 
(Figure 4A) show little change after 1 day of curing, consistent with a relatively slow rate of 280 
reaction of the slag. However, a low intensity peak is observed at -83 ppm, consistent with a 281 
Q2(1Al) site characteristic of the Al substituted C-S-H type phase which forms in alkali-282 
activated slags [35, 37, 43], which suggests that the preferential formation of carbonates is not 283 
completely hindering the formation of this product. In this spectrum it is also possible to 284 
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identify a shoulder at -89.5 ppm which corresponds to the presence of zeolite NaA [44], which 285 
becomes less prominent beyond 7 d as the prevalence of this phase decreases. There is no clear 286 
peak due to heulandite observable (in the region around -100 ppm [45]) at longer ages, but the 287 
concentration of this phase is always low according to XRD also. 288 
 289 
  
Figure 4. (A) 29Si and (B) 27Al MAS NMR spectra of sodium carbonate-activated slag 290 
binders as function of the time of curing. HT is hydrotalcite, and the asterisk corresponds to 291 
Al in Q2 sites in the C-A-S-H phase 292 
 293 
 294 
At increased times of reaction, the formation of sites at -80 ppm, -83 ppm and -86 ppm, 295 
corresponding to the Q1, Q2(1Al) and Q2 species in C-A-S-H products [46, 47], becomes 296 
increasingly clear. A higher intensity of these sites is observed with increasing curing time, 297 
consistent with the higher intensity of the C-A-S-H phase reflections identified by XRD (Figure 298 
3), and the increased strength of the binders over the time of curing (Figure 1). Complicating 299 
any quantitative analysis of these spectra is an apparently partially-selective reaction of the 300 
slag, which means that direct subtraction of an unreacted component from the spectra – which 301 
is a prerequisite for any useful deconvolution – is unfortunately not possible. This partial 302 
selectivity is evident from observation of the region around -65 to -70 ppm in Figure 4A, where 303 
the signal in this region corresponds to the highly depolymerised (Q0) silicate component 304 
within the slag glass. Because these sites in the slag are able to be released without the need to 305 
break any of the relatively strong Si-O-Al or Si-O-Si network bonds, they are able to be 306 
selectively leached under the relatively mild pH conditions prevailing early in the reaction 307 
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process here. Slag dissolution in alkali-activated systems is often assumed to be congruent [35, 308 
48-50], and this is consistent with the dissolution taking place rapidly under far-from-309 
equilibrium conditions where Si-O-(Si,Al) bonds can readily be broken. However, at a more 310 
moderate pH and in the presence of carbonate, which is driving the extraction of calcium from 311 
the slag glass, the Q0 sites would logically be prone to preferential release. This is observed in 312 
the spectra in Figure 4A by the fact that the region from -65 to -70 ppm decreases significantly 313 
in intensity within the first day of reaction. After this time, there is little additional change in 314 
this part of the spectra, suggesting that the slag dissolution proceeds close to congruently 315 
beyond this point. 316 
 317 
Three distinct types of aluminium environments, Al(IV) (52-80 ppm), Al(V) (30-40 ppm) and 318 
Al(VI) (0-20 ppm) [51], are identified in all of the 27Al MAS NMR spectra. Figure 4B shows 319 
sharpening in the tetrahedral Al band after 7 d of curing compared with the unreacted slag, 320 
along with the formation of a narrow peak at 74 ppm, whose intensity increases with curing 321 
time. This band is assigned to the Al(IV) incorporated in bridging tetrahedra bonded to Q2(1Al) 322 
sites in the C-A-S-H [39, 47]. After 28 days of curing, asymmetric broadening of the band at 323 
68 ppm is observed, along with the formation of a low intensity shoulder at ~58 ppm, consistent 324 
with the formation of Al-substituted tobermorites with low Ca/(Si+Al) ratio [39]. Small 325 
contributions of the zeolite heulandite identified by XRD (Figure 3) are expected at around 63 326 
ppm, [52], and the band at 62 ppm whose intensity seems to be higher at advanced times of 327 
curing is consistent with this phase. At extended times of curing, the formation of a narrow 328 
peak centred at 8.7 ppm is also observed. This peak corresponds to the hydrotalcite type phases, 329 
and the increased intensity of this band over the time of curing is consistent with the XRD data 330 
(Figure 3).  331 
 332 
3.5.  X-ray microtomography ȝ&7 333 
High resolution X-ray microtomography ȝ&7 has been proven to be a suitable technique for 334 
the study of pore structure and tortuosity in alkali-activated binders [33] and in Portland cement 335 
materials [53, 54], via segmentation of the samples into pore and solid regions to identify pore 336 
geometry and tortuosity. The calculation of the porosity and tortuosity here follows the 337 
methodology detailed in [33], and the results for samples of different ages are shown in Figure 338 
5. 339 
 340 
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 341 
Figure 5. Segmented porosity and diffusion tortuosity of sodium carbonate-activated slag 342 
binders as function of the time of curing. Estimated uncertainty is ±3% of the porosity (i.e. 343 
around ±0.005 in the porosity fractions plotted here), and ±0.5 units in tortuosity. 344 
 345 
The porosity values (Figure 5) decrease with increasing curing duration, and fall within a 346 
similar range to the values published in [33] for sodium metasilicate-activated slag binders of 347 
comparable mix design. The porosities at 14 and 45 days in the sodium carbonate-activated 348 
specimens here are around 10% lower than the corresponding data for the silicate-activated 349 
binders in [33], which were of similar mix designs. It is likely that the apparent increase in 350 
porosity in the 7-day sample (and corresponding drop in tortuosity) actually falls within 351 
experimental uncertainty for the expected monotonic behaviour; there is not a good 352 
microstructural explanation for a temporary increase in porosity at this time. 353 
 354 
The diffusion tortuosity values of these specimens are notably higher than the values measured 355 
for silicate-activated slag or slag-fly ash blends in [33]. The highest tortuosity determined in 356 
that study was for the sodium metasilicate-100% slag binder at 45 days, which had a tortuosity 357 
of 8. The sodium carbonate-activated slag binder here exceeds that value by 14 days of age, 358 
and reaches a value of more than 10 by 45 days. This may be important for long term durability, 359 
because diffusion tortuosity is defined as the ratio of the rate of diffusion of a species in free 360 
space to its rate of diffusion within the material. This means that the diffusion tortuosity can be 361 
interpreted as being related to the resistance to transport through the material by diffusive 362 
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mechanisms, and is therefore a key factor controlling the service life of a reinforced concrete 363 
element. 364 
 365 
The decrease in porosity and increase in tortuosity as a function of curing duration is also 366 
consistent with the results for slag-rich alkali-activated binders, where this trend is attributed 367 
to the growth of C-S-H type binding products which incorporate and chemically bind water. 368 
Such products are formed in the Na2CO3-activated binders after the initial consumption of 369 
carbonate from the activator has taken place, the dissolved carbonate concentration is low, and 370 
so the Ca2+ released by further slag dissolution is free to react with silicates instead. 371 
 372 
 373 
3.6. Scanning electron microscopy 374 
A backscattered electron (BSE) image of 1-day cured Na2CO3 activated slag paste (Figure 6A) 375 
shows a highly porous (black regions) and heterogeneous matrix (main grey region) with 376 
embedded large angular particles (light grey) corresponding to unreacted slag. This 377 
microstructure is consistent with the limited mechanical strength (Figure 1) and high porosity 378 
(Figure 5) identified at early age. Conversely, after 56 days of curing (Figure 6B), the material 379 
develops a cohesive and relatively homogeneous continuous matrix, in agreement with the 380 
formation of space-filling reaction products such as C-A-S-H type gel, as previously identified 381 
via XRD and NMR spectroscopy (Figures 3 and 4, respectively).  382 
 383 
 384 
Figure 6. Backscattered electron images of alkali carbonate-activated slag binders after (A) 1 385 
day and (B) 56 days of curing 386 
 387 
100 Pm 100 Pm
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EDX results for multiple points selected within the binder regions (i.e. excluding unreacted 388 
precursor particles) over the time of curing are shown in Figure 7. The Ca/Si vs Al/Si plot 389 
shows that the Al-substituted C-S-H type gel must be intimately intermixed with additional Al-390 
rich products, as the Al/Si ratio is very high for a pure chain-structured C-A-S-H type phase, 391 
and is too high to show any notable degree of crosslinking [49]. This identification of additional 392 
products is consistent with the identification of Al-rich zeolites and hydrotalcite-like layered 393 
double hydroxides as secondary phases in these binders. The slope of the Mg/Si vs Al/Si plot 394 
gives information regarding the overall composition of the layered double hydroxide phase, 395 
which is seen to have an Mg/Al ratio of approximately 2 from these measurements. The data 396 
appear to indicate a greater degree of consistency in Ca/Si ratio with increased curing time 397 
(Figure 7A), as the gel is maturing and becoming more homogeneous as the binder develops. 398 
 399 
 400 
Figure 7. Atomic ratios (A) Ca/Si vs Al/Si and (B) Mg/Si vs Al/Si for bulk sodium carbonate 401 
activated slag paste as function of curing duration 402 
 403 
3.7. Proposed conceptual description of the chemical mechanism of sodium 404 
carbonate-activation reaction 405 
 406 
Based on the analytical results presented in this paper, and consistent with the known 407 
mechanical and chemical evolution of alkali-carbonate activated slag binders up to very 408 
extended ages [21], it is now possible to propose a detailed reaction mechanism for this reaction 409 
process. Figure 8 describes, in a purely conceptual sense, the proposed evolution of the binder 410 
chemistry according to three stages during which the changes in pore fluid chemistry are able 411 
to influence and control the solid phase assemblage which is forming, as follows. 412 
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 413 
 414 
Figure 8. Proposed conceptual description of the pore solution chemistry within a sodium 415 
carbonate-activated slag binder. The stages of the reaction process are described in detail in the 416 
text; stage A is approximately the first day after mixing, stage B is the period up to 417 
approximately 5 days corresponding to the induction period in isothermal calorimetry, and 418 
stage C is the period beyond this, when calcium silicate-based binder phases are forming from 419 
solution. The concentration axis scale is arbitrary, probably approximately 0-2 mol/L but 420 
intended as indicative only. 421 
 422 
Stage A (~day 1):  423 
- Initial dissolution of slag, with heat release (pre-induction in calorimetry) 424 
- Na2CO3 reacts with Ca2+ from slag to form gaylussite (Na2Ca(CO3)2·5H2O) 425 
- Si and Al from slag react with Na+ to form zeolite A (Si/Al = 1.0) 426 
- Dissolved OH- and Si concentrations increasing 427 
 428 
Stage B (~days 1 to 5-7): 429 
- Induction period in calorimetry, dissolution of slag continuing 430 
- Gaylussite converts to CaCO3 and releases Na+ 431 
- Zeolite phase Si/Al ratio seems to increases, with zeolite NaA replacement by 432 
heulandite commencing 433 
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- Extra Al forms hydrotalcite with Mg2+ from slag 434 
- Dissolved OH- and Si concentrations still increasing 435 
 436 
Stage C (days 5-7 onwards): 437 
- Precipitation of bulk C-A-S-H gel, heat release in calorimetry 438 
- Reduction of CO32- concentration in solution, with a slight increase in Ca2+ (as its 439 
solubility is no longer limited by saturation with respect to CaCO3 polymorphs), 440 
promotes precipitation of C-A-S-H instead of CaCO3 and reduces porosity 441 
- Dissolved Si concentration decreases with C-A-S-H formation; OH- concentration 442 
continues to increase and gives a highly alkaline pore solution (essentially NaOH) in 443 
the hardened binder, which continues to react with the slag 444 
- Mg2+ continues to form hydrotalcite with Al 445 
- Zeolite formation slows notably after replacement of NaA by heulandite is complete 446 
 447 
This reaction mechanism is therefore able to explain the chemistry of binder formation in the 448 
alkali-activation of slag in a carbonate environment. The ongoing release of Ca, Si, Al and Mg 449 
from the slag particles leads to the progressive reduction in porosity observed in Figure 6. The 450 
relatively similar Ca/Si ratios between inner and outer products observed by Sakulich et al. 451 
[25] in 20 month-old Na2CO3-slag pastes are also consistent with a mechanism whereby the 452 
slag is essentially reacting with an NaOH solution at greater ages, as there is no region which 453 
is preferentially enriched with silica, the Mg and some of the Al are being consumed in 454 
hydrotalcite formation, and the carbonate has already precipitated as CaCO3. 455 
 456 
From this basis, it is possible to draw implications regarding the design and optimisation of 457 
binders based on alkali carbonate-activated slags. These are the potentially most cost-effective 458 
and environmentally-friendly of all alkali-activated systems due to the much simpler and less 459 
damaging process of production of Na2CO3 compared to the common industrial routes to 460 
NaOH or sodium silicate production. They can generate excellent strength after 7 or 28 days 461 
of curing, but the setting and hardening reactions of the systems studied here is not sufficiently 462 
rapid for the materials to serve as a practical cementing binder system in general applications. 463 
What seems to be required, to accelerate this process, would be a mechanism by which the 464 
carbonate can be removed from solution at early age, leaving the slag to then react in a NaOH-465 
rich environment. There is therefore a need to develop such methods to manipulate the early 466 
age pore solution chemistry of these materials, either through the use of solid or liquid 467 
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additives, to achieve this early-age binding of carbonate and thus elevated pH. The new 468 
chemical understanding which has been developed in this paper will potentially hold the keys 469 
to the next steps of development in this area, to make these binders into a viable system of 470 
engineering materials for large-scale construction. 471 
 472 
 473 
4. Conclusions 474 
 475 
This paper has presented a detailed chemical and microstructural analysis of the mechanisms 476 
of phase formation and strength development in sodium carbonate-activated slag binders. 477 
These materials have been proposed as a low-CO2 cementing binder system but tend to show 478 
slow strength development, which has to some extent restricted the level of scientific analysis 479 
which has been undertaken to date. However, the ability to understand and describe the 480 
mechanisms by which these systems do react offers the scope for future developments and 481 
optimisation of strength development performance, and so the results presented here are an 482 
initial step towards enabling the further development and more widespread deployment of 483 
materials based on this type of chemistry.  484 
 485 
From analysis of the materials by diffractometry and spectroscopy, the phase evolution of these 486 
materials, involving the initial precipitation of carbonates and zeolites (during the pre-induction 487 
period as observed by calorimetry), with later development of C-A-S-H type phases (the 488 
acceleration-deceleration period), has been elucidated. In the first days of reaction, the 489 
carbonate supplied by the activator consumes essentially all of the calcium released by slag 490 
dissolution; it is only when this carbonate is largely consumed that the formation of C-A-S-H 491 
commences. The application of X-ray microtomography shows a significant ongoing decrease 492 
in porosity at extended times of curing, resulting in a high-strength binder with a particularly 493 
tortuous pore network, which is likely to be highly desirable for engineering applications if the 494 
early-age strength evolution can be enhanced. 495 
 496 
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